Express Mail No. 
EL046033892US 



APPLICATION 
FOR 

UNITED STATES LETTERS PATENT 



APPLICANTS: Ramachandra Divakaruni 
RussellJ. Houghton 
Jack A. Mandelman 
Wilbur D. Pricer 
William R. Tonti 



FOR: LOGIC SOI STRUCTURE, PROCESS AND 
APPLICATION FOR VERTICAL BIPOLAR 
TRANSISTOR 



DOCKET NO.: BUR9-2000-0016-US1 



INTERNATIONAL BUSINESS MACHINES CORPORATION 




LOGIC SOI STRUCTURE, PROCESS AND 
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BACKGROUND OF THE INVENTION 



Field of the Invention 



The present invention generally relates to the formation of vertical bipolar 
transistors and more particularly to a method and process of forming vertical 
bipolar transistors simultaneously with field effect transistors using a damascene 
process. 



Silicon-On-Insulator (SOI) technology, which is becoming of increasing 
importance in the field of integrated circuits, deals with the formation of 
transistors in a relafively thin layer of semiconductor material overlying a layer of 
insulating material. Devices fornied on SOI offer many advantages over their bulk 
counterparts, including: higher performance, absence of latch-up, higher packing 
density, low voltage applications, etc. SOI technology provides a very high 
performance regime for complementary metal oxide semiconductor (CMOS) 
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Description of the Related Art 



• 



• 



operation due to a unique isolation structure. 

It is advantageous in semiconductor manufacturing to simultaneously 
produce as many different types of devices on a chip has possible. Such 
simultaneous production reduces the number of steps and the amount of material 
required to make the chip. This reduces the time and cost of producing 
semiconductor chips. Therefore, it is desirable to simultaneously form different 
types of transistors on a single chip. 

There is a conventional need to integrate a complementary pair of bipolar 
devices within the SOI CMOS framework for low voltage, high performance 
operation, thereby making use of as much of the SOI CMOS advantages as 
possible. The invention discussed below is directed to a methodology that 
simultaneously forms field effect transistors (e.g. CMOS transistors) and bipolar 
transistors using a damascene process to form the CMOS gates and the bipolar 
emitters. 



It is, therefore, an object of the present invention to provide a structure and 
method of forming an emitter in a vertical bipolar transistor. The emitter forms a 
patterned mask over the collector layer and fills openings in the mask with emitter 
material in a damascene process. The substrate includes an insulator layer 



SUMMARY OF THE INVENTION 
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between a bottom silicon layer and a top silicon layer, and the invention implants 
a first impurity to form the collector layer in a lower portion of the top silicon 
layer adjacent the insulator layer, and a second impurity to form the base layer in 
an upper portion of the top silicon layer. 
5 The emitter material includes a first impurity that is annealed to drive the 

first impurity into the base to create an emitter diffusion region in the base below 
each emitter. The substrate also includes a patterned second mask over the 
bipolar region, the mask includes openings through to the base layer between 
adjacent ones of the emitters, and the invention implants additional amounts of the 

1 0 second impurity into the base layer through the openings. The invention can also 
include forming a protective layer over the emitters and implanting additional 
amounts of the first impurity into the insulator layer to provide a collector contact 
diffusion region. 

The invention also includes a method of simultaneously forming 

15 complementary methal oxide semiconductor devices and vertical bipolar 

transistors on an integrated circuit chip that includes providing a silicon over 
insulator substrate having a collector layer and a base layer over the collector; 
forming a polysilicon layer over a CMOS region of the SOI substrate, patterning a 
mask over the polysilicon layer and a bipolar region of the SOI substrate (the 

20 mask include openings over the bipolar region), depositing an emitter material in 
the openings in a damascene process to form emitters, removing the mask, 
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patterning the polysilicon layer to form gate conductors, and forming sidewall 
spacers adjacent the emitters and the gate conductors. 

The invention also includes a CMOS/vertical bipolar structure, in which 
the collector, base regions, and emitter regions are vertically disposed on one 
5 another, the collector region having a peak dopant concentration adjacent the 
inter-substrate isolation oxide. 



BRIEF DESCRIPTION OF THE DRAWINGS 



The foregoing and other objects, aspects and advantages will be better 
understood from the tbllowing detailed description of preferred embodiments of 
10 the invention with reference to the drawings, in which: 

Figure 1 is a cross-sectional schematic view of a stage of production of a 
bipolar transistor; 

Figure 2 is a cross-sectional schematic view of a stage of production of a 
bipolar transistor; 

15 Figure 3 is a cross-sectional schematic view of a stage of production of a 

CMOS transistor and a bipolar transistor; 

Figure 4 is a cross-sectional schematic view of a stage of production of a 
CMOS transistor and a bipolar transistor; 

Figure 5 is a cross-sectional schematic view of a stage of production of a 
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CMOS transistor and a bipolar transistor; 

FigureTis a cross-sectional schematic view of a stage of production of a 
bipolar transistor; 

Figure 7 is a cross-sectional schematic view of a stage of production of a 
bipolar transistor; 

Figure 8 is a cross-sectional schematic view of a completed bipolar 
transistor; 

Figure 9 is a perspective schematic view of bipolar transistors; 
Figures lOA and lOB are graphs illustrating advantages produced by the 
invention; 

Figure 1 1 is a cross-sectional schematic view of a stage of production of 
bipolar transistor; 

Figure 12 is a cross-sectional schematic view of a stage of production of 
CMOS transistor and a bipolar transistor; 

Figure 13 is a cross-sectional schematic view of a stage of production of 
CMOS transistor and a bipolar transistor; 

Figure 14 is a cross-sectional schematic view of a stage of production of 
CMOS transistor and a bipolar transistor; 

Figure 15 is a cross-sectional schematic view of a stage of production of 
CMOS transistor and a bipolar transistor; 

Figure 16 is a cross-sectional schematic view of a stage of production of 

BUR9-2000-0016-US1 5 



# 



• 



bipolar transistor; 

Figure 17 is a cross-sectional schematic view of a stage of production of a 
bipolar transistor; 

Figure 18 is a cross-sectional schematic view of a completed bipolar 
transistor; 

Figure 19 is a perspective schematic view of bipolar transistors; and 
Figures 20A and 20B are graphs illustrating advantages produced by the 



The invention takes advantage of SOI technology and simultaneously 
forms CMOS transistors and bipolar transistors utilizing a damascene process. 
More specifically, as shown in Figure 1 , the inventive process begins with a 
standard SOI structure. The structure includes a silicon substrate 10 (e.g. a bulk 
silicon) over which an insulator 12 (e.g., oxide layer) has been formed. A top 
silicon layer 15 is formed over the insulator 12. 

The collector 14 (N + collector) is formed through an implant process as 
represented by arrows 1 9. Antimony has been found to be a suitable N-type 
impurity because of its relatively low disffusivity and small implant straggle 



invention. 



DETAILED DESCRIPTION OF PREFERRED 



EMBODIMENTS OF THE INVENTION 
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which enables the collector layer 14 to be confined near the back interface of the 
top silicon layer 15. Similarly, the P-type base 16 is formed by implants 19. 
Figure 1 also illustrates a screen oxide 18 (such as a MOSFET screen oxide) is 
formed over the structure. 



Jaxoi^-pFefeTeffembodiment, the SOI layer 10, 12, IScJould have a 



thickness of approximately 400nm. The collector 14 iprfplant 19 preferably has a 
dose of 1 X 1016cm*- at a power of IMeV. Tl-n^^oping profile (and other similar 
doping profiles that would be knowrNby tkQse ordi?iarily skilled in the art given 
this disclosure) produces a buried elector centere3"at approximately the back 
interface of the silicon 15 ^>dinsulate or 12 rayers with a peak concentration of 
approximately 3 x lOJ^m 



Having the collector 14 and base 16 profiles vertically stacked results in an 
extremely narrow base width (Wb in Figure 8), and a collector junction which 
terminates on the back oxide 12 of the SOI layer, meeting the device design 
objectives for high performance. The collector terminafing on the back oxide 
reduces collector capacitance, thereby improving bipolar transistor performance. 
Further, the collector 14 and the base 16 are implanted with the same mask. This 
mask also protects the CMOS area of the wafer from receiving either implant. 

In Figure 2, a thick nitride layer 20 is deposited over the bipolar and 
CMOS regions. The nitride is subsequently etched over the CMOS regions. The 
nitride layer 20 limits the gate oxidation to the CMOS regions. As shown below, 
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the nitride layer 20 is used to damascene a bipolar emitter. The thickness of this 
nitride 20 is: 1(^2)= T(oc) -AT(p^,,sh) where: T^^.) is the thickness of the nitride 
deposited and is equal to the final desired gate conductor (GC) thickness (in the 
CMOS devices) minus a deha "physical" polish stop support nitride thickness (to 
5 be later deposited over the entire wafer to eliminate over-polish of GC only 
regions i.e., the CMOS region). T ^qq is the final desired GC thickness and 
AT(poiish) is the second nitride thickness required to form a polish stopping layer. 

A photoresist mask (not shown) is used over the bipolar region to protect it 
from the CMOS device well implants. This mask is not additional, but rather it is 

10 simply a different mask having alternate blocking levels used to differentiate N- 
Well from P-Well areas. Therefore, the bipolar devices are protected from the 
CMOS device well implants without increasing the processing steps associated 
with standard processing. 

Figure 3 illustrates a CMOS device on the left side and a bipolar device on 

15 the right side as both would be simultaneously formed on a single wafer using the 
invention. The CMOS region includes the same SOI structure 10, 12, 15. In 
addition, a gate oxide 32 is formed within the CMOS region. The gate oxide 32 is 
not formed in the bipolar region by operation of the nitride mask 20. In Figure 3 
an intrinsic polysilicon 30 is formed over both structures. 

20 Figure 4 illustrates the formation of the bipolar transistor emitters 42. 
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More specifically, the polysilicon 30 is removed from the bipolar region utilizing 
a mask or other protective structure to allow for the intrinsic polysilicon 30 to 
remain in the CMOS region. An additional nitride layer 40 is deposited over the 
entire wafer. Subsequently, openings are patterned through the nitride layers 40, 
5 20 in the bipolar region and the openings are filled in a damascene process with 
an N+ doped polysilicon to form N+ polysilicon emitters 42. Then, the structure 
is polished to remove the nitride 40. 

As shown in Figure 5, the nitride 20, 40 is removed. In a separate 
processing step, the polysilicon 30 remaining over the CMOS region is patterned 

10 into gates 30. The bipolar devices are protected by a mask during the patterning 
of the gates 30. Subsequently, sidewall spacers 50 are simultaneously formed 
over the gates 30 and the emitters 42, using any of a number of well-known 
sidewall spacer formation technologies. 

Next, in Figure 6, a block mask 62 is formed over the emitters 42. This 

1 5 same mask protects PFET devices and exposes NFET junctions (not shown). An 
N+ implant is then performed to provide the N+ collector contact implant 60 and 
simultaneously dopes the source/drain structures of the NFETs (not shown). 

Openings 70 are patterned in the block mask 62 to allow the Ph- diffusion 
implant 72 in the base 16, as shown in Figure 7. In one embodiment, the P+ 

20 implant is a low energy high dose p-type implant. Such an implant would 

preferably be simultaneously performed with either a contact or extension implant 
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in the parallel CMOS process. Alternatively, the P+ implant may be performed 
using an extra mask and implant if the particular SOI CMOS process does not 
utilize a similar contact or extension implant. The invention avoids using the 
PFET P+ junction implant in the CMOS process for the diffusion implant 72, as 
the P+ junction CMOS implant may reach through to the collector and destroy the 
functionality of the bipolar transistor. 

The block mask 62 is removed, as shown in Figure 8. An annealing 
process drives the N+ 60, P+ 72 and emitter N+ 80 (from the N+ poly silicon 42) 
impurities into place, as shown in Figure 8. 

In Figures 8 and 9 the completed bipolar transistor is shown in cross 
section and perspective views as it might appear in a typical layout using multiple 
emitters 42. Contacts to the CMOS device and the vertical bipolar transistor are 
formed to this structure using conventional methods well known to those 
ordinarily skilled in the art. Such connections are not shown to not unnecessarily 
obscure the invention. 

The collector doping profile and the D.C. performance of the device is 
shown in Figures lOA and lOB. The flat part of the collector doping profile 
shown in Fig. lOA lies in the interior of the collector region, which is adjacent to 
the back interface of the SOI layer. This plot shows the electrically active (as 
opposed to the chemical concentration) of the implanted antimony. The flat part 
of the profile in Figure lOA is attributed to the low solid solubility of antimony in 
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silicon and clustering effects. 

The common emitter current gain (BETA, p) of the bipolar transistor, 
defined as Ale/Alb, is shown in Figure lOB. The current gain decreases with 
increasing base-emitter voltage (vbe) due to effects resulting from the flooding of 
5 the base with carriers. 

Figures 1 OA and 1 OB indicate the viability of a high performance bipolar 
device fabricated within the constraints of SOI processing. Figures 1 OA and lOB 
also show that the invention allows the base width Wb to be selectively controlled 
by either growing/depositing selective silicon over the top surface of the SOI 
10 layer. 

Figures 1 1-20 illustrate a second embodiment of the invention. This 
embodiment is similar to the previous embodiment; However in this embodiment 
the gate conductors and the emitters are formed using damascene processes. The 
invention produces an integrated damascene (CMOS/ bipolar process) reflecting 
15 all the advantages of damascene gate CMOS known in the art (i.e., the ability to 
provide channel doping away from source/drain which produces reduced junction 
capacitance, improved reliability). Therefore, the damascene emitter formation 
according to the invention represents a substantial improvement over existing 
technology. 

20 Structures which are similar to those discussed above with respect to 
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Figures 1-9 are identified with the same numbers in Figures 11-19 and a 
redundant discussion of the same is omitted for the sake of brevity. Figure 1 1 is 
substantially similar to Figure 1 and illustrates base and collector implants 19 
being made to an SOI structure 10, 12, 15. In Figure 12, a thick nitride layer 120 
5 is deposited over the entire wafer. Then, in Figure 13, openings for the emitters 
are formed in the bipolar region and the emitter conductors 42 (again, an N+ 
polysilicon) are deposited in a damascene process. 

In Figure 14, the gate conductors are formed by patterning openings 
through the thick nitride 120 in the CMOS region. Then, a gate oxide 140 is 

10 grown in the opening. Note that the gate oxide also forms over the emitters 42. 
Subsequently, the gate conductor 142 is formed in the remainder of the opening 
above the gate oxide 140. Note that the gate conductor 142 does not include a 
concentration of N+ doping (the gate poly is intrinsic) that the emitters 42 include. 
The N+ doping within the emitters 42 allows the emitter junction impurity 144 to 

1 5 be driven into the base 16 during subsequent annealing operations (which starts 
during the gate oxide 140 growth process). 

Figure 15 illustrates formation of the spacers 50, as discussed above with 
respect to Figure 5. Similarly, Figure 16 illustrates the formation of the block 
mask 62 and the collector contact diffusion 60 in a similar process to that 

20 discussed above with respect to Figure 6. In Figure 1 7, openings 70 are again 
formed in the block mask 62 and the base diffusion implant is performed, in a 
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process similar to that discussed above with respect to Figure 7. In a similar 
manner to that discussed above with respect to Figures 8 and 9, Figures 1 8 and 19 
illustrate the activation of the N+, P+ and emitter drive-in anneals 60, 72, 80. 
Figures 20A-20B illustrate the performance achieved through this 
5 embodiment of the invention. 

As discussed above, the invention includes fabrication sequences for a 
vertical SOI bipolar transistor, which is integrated into a typical logic process 
sequence. An NPN sequence is illustrated, but as would be known by one 
ordinarily skilled in the art given this disclosure, the invention can be easily 
10 modified to accommodate a PNP , thus offering a complementary pair. 

In drawing a parallel to a CMOS fully depleted body, the inventive bipolar 
device is orientated vertically (see Figure 8) in SOI and has a base width Wb 
which is independent of the SOI thickness, and hence is very narrow. Since the 
charge of excess minority carriers in the base (AQ) is proportional to the base 
1 5 . width Wb, and the base transit time, xb is proportional to AQ, the SOI effect on 
bipolar performance is scaled with the CMOS improvement. 

Another improvement in bipolar performance arises from the reduced 
collector to substrate capacitance achieved with the invention as compared to a 
pure silicon vertical structure. In SOI CMOS, the P/N junction area capacitance 
20 term is negligible as the junction terminates on the back oxide. The vertical NPN 
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structure shown in Figure 8 takes advantage of this same design improvement for 
bipolar devices. 

Applications for the inventive technology cover the spectrum from pure 
digital applications such as DRAM, eDRAM, SRAM, MRs to mixed-mode 
combined RF/digital applications such as communications products. This 
technology enables the concurrent use of high-performance CMOS digital logic 
and high-performance bipolar analog small signal circuitry on the same chip. 

While the invention has been described in terms of preferred 
embodiments, those skilled in the art will recognize that the invention can be 
practiced with modification within the spirit and scope of the appended claims. 
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